Abstract The effects of elevated ozone (O 3 ) levels (80 ppb and 120 ppb) on photosynthetic efficiency and growth of canola plants were studied in open-top chambers. The chlorophyll a polyphasic fluorescence rise kinetics OJIP, stomatal conductance and Chlorophyll Content Index (CCI) were measured after 15 and 30 days of O 3 fumigation, as well as in control plants; biomass measurements were done only after 30 days with and without fumigation. Analysis of the OJIP kinetics by the JIP-test led to the calculation of several photosynthetic parameters and the total Performance Index (PI total ). The decline of PI total under the 80 ppb O 3 treatment was due to a lower density of reaction centres (RC/ABS), while the notable decline under the 120 ppb treatment was found to be due both to a further decline of RC/ABS and to a pronounced lowering of the efficiency with which an electron can move from the reduced intersystem electron acceptors to the PSI end acceptors (δ Ro ). Stomatal conductance was affected by both treatments. Biomass was found to be affected by O 3 fumigation (for 30 days), decreasing by 40% at 80 ppb and by more than 70% under 120 ppb. Our findings indicate that biomass decline is due both to the lowering of CCI and the lowering of photosynthetic efficiency parameters. They thus suggest that two simple, non-invasive and rapid methods, namely, the analysis of OJIP fluorescence transients and the measurement of CCI, can be used to screen the effect of elevated O 3 on biomass of canola plants.
Introduction
Ozone (O 3 ) in the stratosphere provides protection from lethal short-wave solar ultraviolet radiation, but in the troposphere, is harmful to plants (Booker et al. 2009; Porter et al. 2014) . It is formed in the troposphere by reactions between oxides of nitrogen (NO x ), carbon monoxide (CO), methane (CH 4 ) and non-methane volatile organic compounds (NMVOCs) in the presence of sunlight. There has been a steady increase in the background O 3 concentration due to anthropogenic emission of its precursors (Mills and Harmens 2011; Porter et al. 2014) . The precursors of O 3 are emitted by vehicles, power plants, biomass burning and other sources of combustion (Avnery et al. 2011) . Ozone enters the plants through the stomata, generating other reactive oxygen species and causing oxidative stress, which results in reduced photosynthesis, plant growth and biomass accumulation (Ainsworth et al. 2012) . The global relative yield losses due to O 3 damage are estimated to range between 7 and 12% for wheat, 6 and 16% for soybean, 3 and 4% for rice and 3 and 5% for maize (Van Dingenen et al. 2009 ). The damaging effect of O 3 is strongly dependent on the dose of O 3 absorbed by the plant and the duration of O 3 exposure, as well as the timing of exposure (Fuhrer and Bungener 1999; Black et al. 2000; Mills and Harmens 2011) . Plants' function can remain unaffected up to a certain threshold level which is considered to be at 40 ppb, a level already reached in southern Africa, when accumulated over the course of a growing season (Fuhrer et al. 1997) . Sensitivity to O 3 differs among species and even among cultivars of the same species (Kalaji et al. 2014) . The sensitivity to O 3 has been reported for different crops and indices of crop sensitivity to O 3 have been made based on the accumulated amount of O 3 above the threshold value (AOT40) (Mills and Harmens 2011) . However, AOT40 and related exposure-response relationships are largely based on European studies and plant species (Laakso et al. 2013) . In addition, a few studies exist on the effects of O 3 on crop yield or quality outside of Europe and North America (Royal Society 2008) . In the case of southern Africa, Van Tienhoven et al. (2005) gave two possible reasons that either potential O 3 effects are not recorded due to lack of knowledge to differentiate between O 3 damage and effects from other abiotic stress or local species may have adapted to the high O 3 levels resulting from frequent wildfires. The adaption aspect was also discussed by Scholes and Scholes (1998) . This highlights the need to establish experimental studies on the effects of elevated O 3 levels on local crop species (or vegetation).
In the present study, we contribute to bridge the current gap of knowledge by studying the effect of elevated O 3 on canola plants (Brassica napus L.) under local conditions. Canola is an O 3 -sensitive crop (Booker et al. 2009 ) and we decided to conduct this study because in South Africa, it grows in winter when O 3 concentrations are elevated at a degree sufficient to reduce photosynthesis, plant growth and biomass accumulation. The seasonal trend of O 3 shows the highest O 3 concentrations during spring and winter and the lowest during summer (Laakso et al. 2013 ). The maximum O 3 concentrations are between 40 and 60 ppb and can reach more than 90 ppb during the spring period (Zunckel et al. 2004 ). In O 3 -sensitive plants, photosynthesis is the most important physiological process affected by elevated O 3 levels (Bussotti et al. 2007 ) and suppressed photosynthesis results in reduced biomass (Felzer et al. 2007) . Reductions in biomass accumulation have been reported for a wide range of crop and tree species due to exposure to elevated O 3 (Morgan et al. 2006; Kleier et al. 1998; Feng et al. 2008; Wittig et al. 2009; Pollastrini et al. 2010) . In a meta-analysis study of photosynthesis, growth and yield in soybean, Morgan et al. (2003) found that at a mild increase of O 3 reduced biomass and seed production corresponded to a decrease in leaf photosynthesis, while at higher O 3 concentrations, the reduction in production was associated with a decrease in both leaf photosynthesis and leaf area. This means that the primary target of O 3 in plants is the photosynthetic machinery and its associated components (Cho et al. 2011) .
To study the effect of elevated O 3 levels (80 and 120 ppb) on canola concerning photosynthetic efficiency, the chlorophyll (Chl) a polyphasic fluorescence rise kinetics OJIP was used. The fluorescence rise kinetics is polyphasic, exhibited clearly, when plotted on logarithmic time scale, the steps J (at 2 ms) and I (30 ms) between the initial (F 0 ) and the maximum (F P or F M ) fluorescence level (hence is labelled as OJIP transient) (Tsimilli-Michael and Strasser 2013) . The first part of the transient curve (O-J) expresses the photochemical events and represents a single event of a reduction of Q A (Tsimilli-Michael and Strasser 2008) . The J-I-P region of the fluorescence transient reflects the velocity of ferredoxine reduction beyond the PSI. Analysis of the OJIP kinetics by the JIP-test provides detailed information about the structure and function of the photosynthetic apparatus Digrado et al. 2017; Kalaji et al. 2018; Pšidová et al. 2018 ). The parameters calculated by the JIP-test and the shape of the kinetics have been found to be very sensitive to various stress factors such as light intensity, temperature, drought, flooding, atmospheric CO 2 or elevated O 3 and chemical influences (see e.g. Tsimilli-Michael and Strasser 2001; Strasser et al. 2004; Bussotti et al. 2011; Perboni et al. 2012; Kalaji et al. 2016 ). Recent reports have also shown a clear reduction in photosynthetic activity of plants as a result of toxic effects of different pollutants (Huang et al. 2018; Rastogi et al. 2019) . Therefore, the objective of the present study was to determine whether under a two times (80 ppb) and three times (120 ppb) higher O 3 concentration than the limit (40 ppb) considered to be tolerated by agricultural crops will have an effect on the photosynthetic performance and biomass of canola plants.
Materials and Methods

Experimental Site and Plant Material
The experiment was carried out in open-top chambers (OTCs) located at the North-West University, Potchefstroom campus, South Africa (26°40′ 50′′ S, 27°05′ 48′′ E, 1348 m above sea level). The design and operation of the specific OTCs system employed in this study have been described at length by Heyneke et al. (2012) . Seedlings were grown under a 14-h/10-h day/night cycle with natural light conditions. The temperature and humidity inside the OTCs were monitored using an RHT03 humidity and temperature sensor with a single wire digital interface. It provides a voltage output that is linearly proportional to the Celsius temperature and relative humidity (RH).
Canola (Brassica napus L.) cultivar Rainbow seeds were hand sown in 30-cm diameter pots. The pots were well watered manually before the inception of O 3 fumigation to ensure that seeds germinate and grow healthy. To each pot, 6-month slow release fertiliser (25 g) was added, containing 17 nitrogen:11 phosphorus:10 potassium:2 magnesium oxide:TE (Osmocote® Pro, Netherlands). The growth medium used was a mixture of topsoil, river sand and vermiculite (2:1:1, v/v). The pots were equally distributed into six OTCs. The treatments were control (Carbon filtered air in OTCs, OTC 1 and 2); O 3 (80 ppb, OTC 3 and 4) and O 3 (120 ppb, OTC 5 and 6).
Ozone Fumigation and Water Treatment
Plants were fumigated with O 3 concentrations (80 and 120 ppb) from 08:00 am to 17:00 pm every day, starting 35 days after sowing for 30 days. Ozone levels were monitored at regular intervals by the O 3 monitor (Model 205 Ozone Monitor, 2B Technologies, Inc., USA). The plants were receiving water through glass fibre wicks that were projected into water reservoirs, which were connected to a drip irrigation system that refill the water. The glass fibre wicks were cut at specific lengths (90 and 60 cm) and layered clockwise at different and evenly spaced depths within the pots to guarantee consistent wetting of the soil. The irrigation system was applied when the O 3 fumigation was initiated. The plants were irrigated on alternate days from the start to the end of the experiment. Measurements were performed after 15 and 30 days of O 3 fumigation on youngest fully expanded leaves, as well as in control plants. The plants were developing harvestable vegetative plant parts at the beginning of the O 3 treatment while after 15 and 30 days of O 3 fumigation were flowering and fruiting, respectively.
Chlorophyll a Fluorescence
Chlorophyll a polyphasic fluorescence rise kinetics OJIP were measured with a Handy PEA fluorimeter (Hansatech Instruments Ltd., UK) on intact fully grown young (matured) leaves from plants exposed to fumigation for 15 (about 2 weeks) and 30 (about 4 weeks) days and from non-fumigated plants of the same age in the evening. Four plants in each chamber were selected for the readings and measurements were taken at 5 positions on each leaf, 3 leaves were assessed on each plant. The leaves were dark-adapted for 1 h before measurements, to ensure that the primary quinone electron acceptor of PSII (Q A ) is fully oxidised, i.e. all the photosynthetic reaction centres are open. The transients in leaves were induced by red light (peak at 650 nm) of 3000 μmol photons m −2 s −1 provided by an array of 3 light-emitting diodes and recorded for 1 s with 12-bit resolution. The data acquisition was at every 10 μs (from 10 μs to 0.3 ms), every 0.1 ms (from 0.3 to 3 ms), every 1 ms (from 3 to 30 ms), every 10 ms (from 30 to 300 ms) and every 100 ms (from 300 ms to 1 s). The first reliable data are considered to be at 10 μs. The OJIP kinetics were analysed by the JIP-test (Strasser et al. 2004; TsimilliMichael and Strasser 2013) with the PEA Plus ver. 1.10 Program (Hansatech Instruments Ltd., UK). The following original data were used by the JIP-test: the fluorescence intensity at 20 μs (considered as F 0, O step), when all PS II reaction centres (RC) are open; the fluorescence intensities at 50 and 300 μs (F 300 and F 50 ) for the calculation of initial slope (M 0 ); the fluorescence intensity at 2 ms (J step); the fluorescence intensity at 30 ms (I step) and the maximal measured fluorescence intensity when all PS II RCs are closed (F m , P step; ensured by the high actinic light intensity). The following JIPtest parameters derived from the OJIP transients, all referring to time zero (onset of fluorescence induction), were considered in this study:
& The maximum quantum yield of primary photochemistry,
. & The efficiency/probability that an electron moves further than Q A − into the electron transport chain,
& The efficiency/probability with which an electron from the intersystem electron carriers is transferred to reduce end electron acceptors at the PSI acceptor side (RE),
]. An index (potential) for energy conservation from excitons to the reduction of PSI end electron acceptors.
Stomatal Conductance
Stomatal conductance was measured on intact leaves with a porometer (Model AP4, Delta-T Devices, Cambridge, UK) after 15 and 30 days of O 3 fumigation between 09:00 am and 14:00 pm.
Chlorophyll Content Index
Chlorophyll Content Index (CCI) was measured on the same leaves where stomatal conductance was measured and at the same time, using chlorophyll content meter (Model CCM 300, Opti-sciences, USA). The obtained CCI values are only relative but experience in our laboratory has shown that there is a good correlation between them and the actual extractable chlorophyll concentration of leaves.
Above-ground Biomass
Plants exposed to 30 days of O 3 fumigation and nonfumigated plants of the same age were harvested. The fresh plant material was oven-dried at 60°C for 72 h and weighed.
Statistical Analysis
The effect of elevated O 3 on selected biophysical (JIPtest) and physiological parameters were determined by one-way analysis of variance (ANOVA) and significant differences (p < 0.05) between treatment means were determined by the Tukey's Honest Significant Difference (HSD) post hoc test using STATISTICA 13 (Stat Soft. Inc., Tulsa, OK, USA). The correlations between variables with the same sample size were tested by Spearman's rank-order correlation for each treatment.
Where the number of observations in the variables was not the same, the larger data set was collapsed to consist of means per treatment and a correlation was determined, weighted by the number of observations per treatment.
Results and Discussion
The averages of the raw fluorescence kinetics, plotted on a logarithmic time scale from 20 ms to 1 s, are presented in Fig. 1 . The fluorescence values are expressed as F t /F 0 to enable their comparison. The average F 0 intensity increases as the O 3 level increases (from 80 to 120 ppb). The four transients exhibited the typical OJIP shape, with minor differences among them. In order to evaluate the differences, the transients were analysed by the JIP-test, which leads to the calculation of several photosynthetic parameters. Based on them, the PI total is calculated, which being a cumulative parameter, is very sensitive to environmental stress (Tsimilli-Michael and Strasser 2013) and closely related to the final outcome of plant's activity, such as growth or survival under stress conditions (see e.g. Yusuf et al. 2010; Strasser et al. 2007 Strasser et al. , 2010 (Fig. 2) . The PI total is an overall index that combines biophysical parameters evaluating the performance of sequential processes of the photosynthetic apparatus (see Section 2). As shown in Fig. 3 , the effect 80 ppb O 3 on these individual components was as follows: the density of reaction centres (RC/ABS) decreased by about 9% both after 15 and 30 days; the parameter (φ Po /(1 − φ Po ), where φ Po is the maximum quantum yield of primary photochemistry, decreased by about 7% both after 15 and 30 days; the parameter (ψ Eo /(1 − ψ Eo ), where ψ Eo is the efficiency with which an electron moves into the electron transport chain further than Q A − , exhibited no significant changes after 15 days, while after 30 days of fumigation, an increase by 22% was observed; the parameter (δ Ro /(1 − δ Ro ), where δ Ro is the efficiency with which an electron from the intersystem electron carriers is transferred to reduce end electron acceptors at the PSI acceptor side, showed no significant changes after 15 days of O 3 fumigation but it declined by 19% after 30 days.
The effect of 120 ppb O 3 fumigation on the individual components of PI total after 15 and 30 days was as follows: the RC/ABS ratio decreased by 22% and 38%, respectively, (φ Po /(1 − φ Po ) by 11% and 22%, (ψ Eo /(1 − ψ Eo ) by 17% and 19% and (δ Ro /(1 − δ Ro ) by about 31% and 68% (Fig. 3) .
Stomatal conductance was strongly affected by both treatments, already after 15 days of fumigation, with a decrease of about 45% that reached about 55% after 30 days under 120 ppb O 3 (Fig. 4) . Similar decrease of stomatal conductance caused by O 3 have been shown in wheat and maize crops (Bagard et al. 2015; Monga et al. 2015) and it is commonly considered to be the cause of reduced photosynthesis or direct damages on guard cells (Fiscus et al. 2005; Monga et al. 2015) . In the present study, stomatal conductance exhibited patterns similar to those of the PI total indicating the relation of photosynthetic performance with CO 2 availability, both of them being limited by high O 3 levels. Furthermore, O 3 reduces the chlorophyll content, as revealed by the effect on the CCI values (Fig. 5) . The treatment with 80 ppb of O 3 reduced CCI values by 21% after 15 days and by 44% after 30 days of fumigation. CCI in the plants fumigated with 120 ppb O 3 showed a decrease of about 50% already after 15 days and a further decrease (by 29%) after 30 days of fumigation. These findings are in consistence with results obtained in wheat, maize, poplar and potatoes studies, which revealed that O 3 damages chlorophyll (Bindi et al. 2002; Bagard et al. 2015) .
The production of biomass was found to be significant affected by O 3 fumigation, decreasing by 40% at 80 ppb and by more than 70% under 120 ppb, i.e. under two times and three times, respectively, higher O 3 concentration than the limit (40 ppb) considered to be tolerated by crops (Fig. 6 ). It should be noted that, applying fumigation with 60 ppb of O 3, Clausen et al. (2011) found that biomass in canola (and also in barley) was hardly affected; a similar finding was attained by Frenck et al. (2011) in a study using four canola cultivars, while Morgan et al. (2003) reported a significant decline in biomass production of soybean even at O 3 concentration lower than 60 ppb. The response to O 3 found in the present study can be construed to the higher than 60 ppb concentrations applied and, also, to cultivar variations as reported by Ollerenshaw et al. (1999) in a study of different canola cultivars. Similarly, Monga et al. (2015) observed that only two, out of five wheat cultivars, showed a significant decrease (by 19.7% and 25%) in above-ground biomass when exposed to O 3 .
The radar plot of selected biophysical parameters (the JIP-test parameters: PI total , RC/ABS, φ Po , ψ Eo and δ Ro ) and physiological parameters (stomatal conductance, CCI and above-ground biomass) is shown in Fig. 7 . The values of each parameter were normalised on those of the corresponding control (non-fumigated), which is thus presented by the regular octagon. The presentation of the data in this way, not only offers an overview of all the findings, but also facilitates (I) the visualisation of the contribution of the response to O 3 fumigation of each biophysical parameter to the response of PI total and (II) the comparison of these responses to the responses of the physiological parameters. Furthermore, correlation between these parameters is shown in Table 1. The correlations between O 3 stress and the selected parameters were negative, which indicates that as O 3 concentration increases, the photosynthetic efficiency (expressed by PI total ), stomatal conductance, CCI and growth (in terms of biomass) decline in canola plants.
As Fig. 7 demonstrates, the observed decline of PI total caused by the 80 ppb O 3 treatment was mainly due to the decrease of the RC/ABS ratio (i.e. to an increase in the ABS/RC), which, taking into account that φ Po = TR 0 /ABS remained practically unaffected, indicates an increase of the functional PSII antenna size (Strasser et al. 2004 ). This means that the functional antenna size was affected by elevated O 3 levels. On the other hand, the notable decrease of PI total under 120 ppb O 3 fumigation is shown to be due to a further decline of RC/ABS and to a pronounced lowering of the efficiency with which an electron can move from the reduced intersystem electron acceptors to the PSI end acceptors. This is in agreement with other studies that the multiple turn-over region of the fluorescence transient, as revealed by the related parameter δ Ro , is sensitive to stress caused by O 3 (Bussotti et al. 2011; Desotgiu et al. 2013) . The decrease of I-P phase of OJIP transient (and related parameter) occurs as a consequence of limitation of electron transport between PSII and PSI acceptor side (Schansker et al. 2005) . It was shown that I-P amplitude in the OJIP transient can be related to the relative size of the pools of final PS I electron acceptors rather than the content and activity of PSI (Zivcak et al. 2015) . On the contrary, it has been shown that in both sensitive and resistant snap bean genotypes, PI total was not decreased by O 3 fumigation (80 ppb for 20 days) (Salvatori et al. 2013 Fig. 7 Radar plot of selected JIPtest parameters derived from the chlorophyll a fluorescence transients (PI total , RC/ABS, φ Po , ψ Eo and δ Ro ), chlorophyll content index (CCI), stomatal conductance (St.cond.) and biomass. Values were normalised on those of the corresponding control (non-fumigated), which is thus presented by the regular octagon which, combined with a reduced Calvin cycle, suggests a possible involvement of alternative electron transport pathways, i.e. cyclic and/or pseudocyclic.
The probability that an electron moves further than Q A (ψ Eo ) was comparatively less affected by elevated O 3 levels (Fig. 7) . Although a temporarily enhanced ψ Eo was observed under 80 ppb O 3 after 30 days, it did not reflect in the overall photosynthetic performance (PI total ). This increased efficiency is connected to the activating of repair processes but when it is connected to a reduced end acceptor capacity in combination with reduced Calvin cycle, energy demand leads to overexcitation of the photosynthetic apparatus and initiates response towards visible foliar injury (Bussotti et al. 2011; Salvatori et al. 2013) . These might be distinguished by monitoring the behaviour of F 0 . In the current study, the average F 0 intensity increases as the O 3 level increases. It should be noted that the JIP test assumes that F 0 is the fluorescence when all reaction centres are open. Thus, the increase in F 0 could be attributed to three possible reasons, that (I) some reaction centres cannot open in the dark, (II) there is damage in PSII or (III) in the excited cross section more Chls participates. If it is scenario (III), it does not affect the calculation of the JIP test, since the JIP test parameters are intensive. On the other hand, if it is scenario (I) or (II), then the parameters have not the meaning attributed to them by the JIP test. We found that φ Po undergoes slight changes. However, φ Po = 1 − (F 0 /F M ), this means that either the changes of F 0 go mostly together with changes of F M (so it is rather the case of III) or that it undergoes very minor changes that can cause very minor errors on the JIP test parameters.
The minor effect of O 3 fumigation on the maximum quantum yield for primary photochemistry is in agreement with previous studies (Desotgiu et al. 2012; Bussotti et al. 2007; Calatayud et al. 2007; Desotgiu et al. 2010; Bussotti et al. 2011) showing the insensitivity of F V /F M towards O 3 . Similar findings have been also reported for the behaviour of F V /F M upon other treatments, for example, under dark chilling (Strauss et al. 2006 ) and drought (Oukarroum et al. 2007 ), while Desotgiu et al. (2013) detected higher differences in the maximum yield of primary photochemistry of PSII. Our results demonstrate that the performance index, PI total , can much better than F v /F m reflect the effect of elevated O 3 on photosynthetic function in canola plants. The PI total has been found to correspond well with other physiological parameters responses, for an example, with the height of plants (Tsimilli-Michael and Strasser 2013) . From the radar plot and correlations results, it can be deduced that the decline of biomass is related with the lowering of the JIP test parameters, in agreement with previous reports correlating them with growth reduction (Clark et al. 2000; Pollastrini et al. 2010 ). However, it should be taken into consideration that the JIP test parameters are intensive parameters, meaning that they do not depend on Chl density; hence, they cannot be the only factors affecting biomass. Figure 7 shows Values marked in italics are significant at p < 0.05. Biomass measurements were done only after 30 days with and without fumigation indeed that biomass lowering is also related with the lowering of CCI, which is an extensive parameter.
Conclusions
In conclusion, elevated O 3 levels (80 and 120 ppb) were found to affect the photosynthetic efficiency (quantified by PI total ), CCI and biomass of canola. It was clearly demonstrated that the detrimental effect of ozone on the growth and photosynthetic efficiency parameters depended on the duration of O 3 fumigation and on the concentration of ozone applied as well as the timing of exposure. The decline of PI total under the 80 ppb O 3 treatment was due to a lower density of reaction centres (RC/ABS) (i.e. to an increase in the ABS/RC). This indicates that the functional antenna size was affected by increasing concentrations of O 3 . Whereas, the notable decline under the 120 ppb treatment was due to a further decline of RC/ABS and to a more pronounced lowering of the efficiency with which an electron can move from the reduced intersystem electron carriers to the PSI end acceptors (δ Ro ). The decrease of chlorophyll content (extensive parameter) and efficiency parameters (intensive parameters) may be denoted as indicators well associated with a decrease of biomass production. They thus suggest that two simple, non-invasive and rapid methods, namely, the analysis of OJIP fluorescence transients and the measurement of CCI, can be used to screen the effect of elevated O 3 on biomass production of canola plants. It is well known that plant responses to O 3 differ among species and among cultivars of the same species. As a result, future work should investigate the effect of elevated O 3 concentrations on different cultivars of canola in southern Africa. This information can be used in the selection of cultivars suitable for adaptation to climate change.
